Transition metal dichalcogenides (TMDs) have garnered considerable interest in recent years owing to their layer thickness-dependent optoelectronic properties. In monolayer TMDs, the large carrier effective masses, strong quantum confinement, and reduced dielectric screening lead to pronounced exciton resonances with remarkably large binding energies and coupled spin and valley degrees of freedom (valley excitons). Coherent control of valley excitons for atomically thin optoelectronics and valleytronics requires understanding and quantifying sources of exciton decoherence. In this work, we reveal how exciton-exciton and exciton-phonon scattering influence the coherent quantum dynamics of valley excitons in monolayer TMDs, specifically tungsten diselenide (WSe 2 ), using two-dimensional coherent spectroscopy. Excitation-density and temperature dependent measurements of the homogeneous linewidth (inversely proportional to the optical coherence time) reveal that exciton-exciton and exciton-phonon interactions are significantly stronger compared to quasi-2D quantum wells and 3D bulk materials. The residual homogeneous linewidth extrapolated to zero excitation density and temperature is ∼ 1.6 meV (equivalent to a coherence time of 0.4 ps), which is limited only by the population recombination lifetime in this sample.
INTRODUCTION
Two-dimensional materials such as graphene and transition metal dichalcogenides (TMDs) have garnered considerable interest in recent years owing to their unique opto-electronic properties and reduced dimensionality. 1 In the bulk form, group-VIB TMDs (M X 2 , where M = W, M o and X = Se, S) are indirect bandgap semiconductors composed of a two-dimensional hexagonal lattice. As the material thickness is reduced to a single monolayer, TMDs transition to a direct gap semiconductor with band edges at the K and K momentum valleys at the corners of the Brillouin zone (see Fig. 1 ). 2, 3 In TMDs the unique combination of broken inversion symmetry, time-reversal symmetry, and strong spin-orbit interaction leads to coupled spin and valley physics. 4, 5 At the K -'Jc,5,.
and K valleys, the magnetic moment and electronic spin orientation are coupled to the valley pseudospin degree of freedom, resulting in chiral optical selection rules.
The large carrier effective masses and reduced dielectric screening in two dimensions strongly enhance Coulomb interactions between quasiparticles in monolayer TMDs compared to conventional semiconductors. Enhanced many-body effects lead to tightly bound exciton states (Coulomb-bound electron-hole pairs) with a Bohr radius of ∼1 nm and a binding energy on the order of ∼500 meV. [6] [7] [8] In addition to excitons, TMDs host an array of many-body states including tightly bound biexcitons (excitonic molecules), 9-11 trions (charged excitons), 12-14 coupled exciton-trion states, 15, 16 localized excitons, [17] [18] [19] and exciton-polaritons. 20 The optical spectra of monolayer TMDs are dominated by excitons, which inherit the circularly polarized optical selection rules of the bands at the K and K valleys (valley excitons). [21] [22] [23] The robust optical selection rules are illustrated by the low-temperature (10 K) circularly polarized photoluminescence spectrum shown in Fig. 1(c) for monolayer WSe 2 grown on a sapphire substrate through chemical vapor deposition. 24 The spectrum features two peaks corresponding to the lowest-energy A-exciton (X) at ∼1720 meV and defect/impurity-bound excitons (L) near ∼1620 meV. 25 After optical excitation of excitons in the K valley using σ+ polarized light, emission primarily occurs from the same valley (σ + /σ+ curve compared to σ + /σ− curve). The degree of valley polarization, defined as ρ c = (I + − I − ) / (I + + I − ), where I + (I − ) corresponds to the detected intensity for σ+ (σ−) polarization, is ≈ 70% for the exciton transition, indicating robust valley polarization during the exciton lifetime.
Alternatively, excitons in both K and K valleys can be excited simultaneously using linearly polarized excitation. The σ+ and σ− components of the excitation field excite hot carriers in both valleys, which subsequently cool to the exciton states. During this process, the carrier wavefunctions maintain a fixed phase relationship (initialized by the linear excitation field), and this phase is robust against intra-and inter-valley carrier scattering and electron-hole exchange. As a result, the emitted photons at the exciton transition are linearly polarized primarily along the excitation field polarization direction-a signature of exciton valley coherence. [25] [26] [27] Reports of the degree of linear polarization, defined as ρ L = (I H − I V ) / (I H + I V ), where I H (I V ) corresponds to the detected intensity for H (V ) polarization, have been as high as ≈ 50%.
One implication of the high degree of valley polarization and valley coherence is the ability to control the valley pseudospin using polarized optical excitation, which provides novel opportunities for opto-electronic, spintronic, and valleytronic applications; 28 however, in order to leverage the unique optical properties of monolayer (c) Circularly polarized photoluminescence spectrum at 10 K for σ+ polarized excitation featuring two inhomogeneously broadened peaks associated with the exciton (X) and defect/impurity-bound excitons (L). The exciton degree of circular polarization is 70%. The excitation spectrum for the nonlinear spectroscopy experiments is depicted by the dashed curve.
TMDs, a clear understanding of the exciton recombination and decoherence mechanisms is required. Insight into the exciton recombination and valley relaxation dynamics has been obtained using time-resolved photoluminescence, [29] [30] [31] [32] [33] [34] [35] Kerr rotation, 36 and pump-probe spectroscopies. [37] [38] [39] [40] However, these techniques probe the incoherent population, spin, and valley dynamics and thus do not provide information regarding the coherent quantum dynamics of excitons in TMDs. In this work, we examine coherent dynamics of excitons in monolayer WSe 2 using optical two-dimensional coherent spectroscopy (2DCS)-a three-pulse four-wave mixing (FWM) technique. This technique has been a particularly powerful tool for studying excitonic transitions in conventional semiconductors 41 by providing insight into coupling between exciton resonances in quantum wells [42] [43] [44] and quantum dots, 45, 46 revealing the homogeneous linewidth of inhomogeneously broadened quantum dot ensembles,
47
quantifying many-body effects between excitons, [48] [49] [50] and separating perturbative orders of the nonlinear optical response of quantum systems. [51] [52] [53] 2DCS is employed in this study to extract the exciton homogeneous linewidth and recombination rate in monolayer WSe 2 . A comparison of the exciton coherence time to the exciton recombination lifetime reveals the intrinsic coherence decay channels, which are attributed to exciton-exciton and exciton-phonon interactions in addition to exciton recombination. 54 
EXPERIMENT

Quantum Dynamics of Excitons
The parameters characterizing the coherent quantum dynamics of excitons in TMDs are illustrated by the twolevel energy diagram in Fig. 2(a) . An exciton with resonance frequency ω 0 can radiatively and non-radiatively recombine with a rate Γ K (inversely proportional to the exciton lifetime T 1 ). A coherent superposition of the crystal ground (|0 ) and exciton (|1 ) states decays with a rate γ (inversely proportional to the coherence time T 2 ), which defines the homogeneous linewidth. The two are related through γ = Γ K /2 + γ * , where γ * corresponds to elastic pure dephasing processes such as exciton-phonon and exciton-exciton scattering. In TMDs, local potentials arising from impurities, defects, and the substrate can shift the exciton resonance, resulting in an inhomogeneous distribution of exciton frequencies with width Γ in (Fig. 2(b) ). Inhomogeneous broadening has concealed the intrinsic homogeneous linewidth of the exciton in most low-temperature optical spectroscopy experiments.
Two-Dimensional Coherent Spectroscopy
We examine monolayer WSe 2 flakes ∼ 20 µm in size grown using chemical vapor deposition onto a sapphire substrate. 24 The sample is held in a cold-finger optical cryostat at variable temperature from 6 K to 50 K. Monolayers are identified through atomic force microscopy (data not shown). A typical photoluminescence spectrum is shown in Fig. 1(c) , which enables identification of the exciton resonance at 10 K. The laser excitation spectrum for the nonlinear spectroscopy experiments is depicted by the dashed curve. 2DCS experiments are performed using a sequence of three phase-stabilized, co-circularly polarized laser pulses propagating in the box geometry and separated by delays t 1 and t 2 (see Fig. 2(c) ). 55 The interaction of the pulses with the sample generates a FWM signal E S (t 1 , t 2 , t 3 ) that radiates as a "photon echo" in the phase-matched direction k s = -k 1 + k 2 + k 3 , where k i corresponds to the wavevector of the i th pulse. The signal field E S is detected through heterodyne spectral interferometry with a fourth phase-stabilized reference pulse.
By choosing which of the excitation pulses is scanned, different contributions to the nonlinear optical response can be probed that are sensitive to specific quantum dynamics. In these experiments, the first pulse creates an exciton polarization, or coherence, in the K valley that decays with rate γ. After a time t 1 , the second pulse converts this coherence to an exciton population in the same valley that decays with rate Γ K . After a time t 2 , the third pulse converts the population in the K valley to an optical coherence that radiates as the FWM signal. The exciton coherence dynamics are measured by stepping the delay t 1 while holding the delay t 2 fixed. Fourier transformation of the signal field with respect to t 1 yields a 2D spectrum E S ( ω 1 , t 2 , ω 3 ), which correlates the "one-quantum" excitation and emission energies of the system during the delays t 1 and t 3 (the ω 3 axis is provided by the spectrometer). Alternatively, the delay t 1 can be held fixed while the delay t 2 is varied, which is analogous to pump-probe techniques commonly used. These two types of experiments provide information on the exciton optical coherence (T 2 = /γ) and recombination times (T 1 = /Γ K ), respectively.
A,' Figure 2 . The coherent quantum dynamics of excitons are described using a two-level system shown in (a). Excitons with resonance frequency ω0 can recombine with rate ΓK (lifetime T1). Exciton coherence decays with rate γ (coherence time T2), which is equivalent to the homogeneous linewidth. The two are related through γ = ΓK /2 + γ * , where γ * is the pure dephasing rate associated with elastic scattering processes. (b) Local potentials due to defects and impurities result in a distribution of exciton frequencies, which appears as inhomogeneous broadening (Γin) of the exciton resonance in linear optical spectra. (c) Box geometry used for the three-pulse two-dimensional coherent spectroscopy experiments. The four-wave mixing signal is emitted in the phase-matched direction ks = -k1 + k2 + k3.
RESULTS AND DISCUSSION
A typical "one-quantum" 2D spectrum is shown in Fig. 3(a) for a sample temperature of 10 K and an exciton excitation density of 10 11 cm −2 . The ω 1 axis is plotted as negative excitation energy because the system evolves during the delay t 1 with opposite phase accumulation relative to that during the delay t 3 -a consequence of the photon echo time ordering of the excitation pulses. The spectrum features a single peak at the excitation ( ω 1 ) and emission ( ω 3 ) energies of the exciton resonance. The width of the peak along the diagonal dashed line corresponds to the exciton inhomogeneous broadening in the sample, whereas the half-width at half-maximum (HWHM) of a square root of Lorentzian fit function to a cross-diagonal slice provides a measure of the exciton homogeneous linewidth, 56 illustrated by the lineshape in Fig. 3(b) . At this temperature and excitation density, we find that γ = 2.7 meV (T 2 = 250 fs).
Additional experiments are performed for exciton excitation densities up to ≈ 10 12 cm −2 . The measured homogeneous linewidth at each density is shown in Fig. 3(c) for a sample temperature of 10 K. The linewidth (points) increases linearly by more than a factor of two-a clear signature of excitation-induced dephasing (EID) arising from elastic exciton-exciton scattering. EID can be described by γ (N X ) = γ 0 + γ X N X , where N X is the exciton population density, γ 0 is the zero-density linewidth, and γ X is an exciton elastic interaction parameter. A fit to the data (solid line) yields γ X = 2.7 × 10 −12 meV cm 2 and γ 0 = 2.3 meV (T 2 = 290 fs). Compared to semiconductor systems of different composition and dimensionality (such as GaAs and ZnSe quantum wells), broadening due to EID measured here (≡ γ − γ 0 ), when normalized to the exciton Bohr radius, is nearly an order of magnitude larger. 57, 58 Enhanced exciton-exciton interactions in TMDs are attributed to reduced dielectric screening in the 2D monolayers.
The role of phonons on exciton dephasing is examined by repeating the excitation density dependent measurements at various temperatures from 6 K and 50 K. Zero-density linewidths are extracted from linear fits to the linewidth data at each temperature and are shown in Fig. 3(d) . The linewidth increases to γ 0 = 4.4 meV (T 2 = 150 fs) at 50 K. The linear increase with temperature is indicative of exciton scattering from acoustic phonons with energy much smaller than k B T , where k B is the Boltzmann constant and T is the sample temperature. The data are modeled by γ 0 (T ) = γ 0 (0) + γ T , where γ is the exciton-phonon coupling strength. A fit to the data yields γ = 60 µeV K −1 , which is nearly an order of magnitude larger compared to conventional semiconductor quantum wells 57, 58 and is a factor of two larger than excitons in bulk TMD InSe. 59 Extrapolated to zero density and zero temperature, the exciton homogeneous linewidth is γ 0 (0) = 1.6 meV (T 2 = 410 fs).
Insight into the remaining exciton decoherence mechanisms after eliminating EID and acoustic phonon interaction effects is obtained by scanning the delay t 2 while holding the delay t 1 fixed in order to probe the exciton recombination dynamics as described previously. At a sample temperature of 6 K and exciton excitation density of ≈ 10 11 cm −2 , we measure a biexponential decay response with fast and slow recombination rates of Γ fast = 3.2 meV and Γ slow = 40 µeV, respectively (data not shown). The amplitude of the fast decay component is approximately a factor of five larger than that of the slow component. We attribute the fast decay to relaxation of the bright exciton. The biexponential decay implies that additional states beyond a simple two-level system picture contribute to the recombination dynamics. The slow component might arise from the relaxation of energetically degenerate localized or dark excitons with a slower recombination rate or from repopulation of the bright exciton state. 35 The slow component could also be partially attributed to a thermal distribution of excitons with non-zero center-of-mass momentum. The average response of the thermalized exciton distribution could give rise to an effective lifetime on the order ten picoseconds at cryogenic temperatures. 29, 60 Interestingly, the fact that γ = Γ K /2 at low temperature and excitation density implies that elastic pure dephasing processes are absent or slow, i.e. γ * = 0. Therefore exciton decoherence is limited strictly by exciton population recombination for this sample and under these experimental conditions. In summary, two-dimensional coherent spectroscopy has been implemented to examine the exciton quantum dynamics in monolayer WSe 2 . Recombination and coherence times of excitons excited in a single valley are probed through a combination of different variations of two-dimensional coherent spectroscopy. We show that exciton-exciton and exciton-phonon interactions act as effective optical decoherence channels as the sample temperature increases above 6 K.
